Objectives: Environmental humidification is a simple, cost-effective method believed to reduce superficial laryngeal drying. This study sought to validate this belief by investigating whether humidification treatment would reduce the negative effects of superficial laryngeal dehydration on phonation threshold pressure (PTP). Phonation threshold pressure data analysis may be vulnerable to bias because of lack of investigator blinding. Consequently, this study investigated the extent of PTP analysis reliability between unblinded and blinded investigators. Methods: Healthy male and female adults were assigned to a vocal fatigue (n = 20) or control group (n = 20) based on their responses to a questionnaire. PTP was assessed after 2 hours of mouth breathing in low humidity (dehydration challenge), following a 5-minute break in ambient humidity, and after 2 hours of mouth breathing in high humidity (humidification). Results: PTP significantly increased following the laryngeal dehydration challenge. After humidification, PTP returned toward baseline. These effects were observed in both subject groups. PTP measurements were highly correlated between the unblinded and blinded investigator. Conclusions: Humidification may be an effective approach to decrease the detrimental voice effects of superficial laryngeal dehydration. These data lay the foundation for future investigations aimed at preventing and treating the negative voice changes associated with chronic, surface laryngeal drying.
Superficial laryngeal dehydration causes vocal changes. [1] [2] [3] [4] [5] Superficial dehydration of the larynx can be induced by mouth breathing and exposure to low humidity. [1] [2] [3] 5 As it is often difficult to avoid mouth breathing and low humidity environments in everyday life, identifying methods for reducing the detrimental voice effects associated with these events is necessary. However, to date, few such studies exist in human subjects. 2, 6, 7 The objective of the current study was to provide support for humidification in decreasing the negative voice effects of superficial laryngeal dehydration. The effectiveness of humidification treatment to reduce superficial laryngeal drying was tested in individuals with a history of vocal fatigue and a control group. Individuals with vocal fatigue are believed to be at higher risk for the development of voice problems 8, 9 as well as potentially more susceptible to the adverse phonatory effects of dehydration. 1, 10 Consequently, humidification treatment may be particularly useful for individuals who experience vocal fatigue. Subjects were exposed to a dehydration challenge followed by a humidification treatment. This order of challenges was necessary because we investigated whether humidification would reduce the negative vocal effects of laryngeal dehydration. Laryngeal dehydration was induced by 2 hours of mouth breathing in low humidity. Mouth breathing in a low humidity environment, for even short durations, has been shown to adversely affects voice. 1 However, adverse voice changes following 15-20 minutes of mouth breathing in low humidity have not been observed consistently. 11, 12 Individuals may regularly spend longer periods of time breathing in dry environments. 6 It is possible that more consistent voice changes will be observed following longer challenge durations. Therefore, longer, more realistic 2-hour challenge durations were chosen for the current investigation. Vocal changes were measured using phonation threshold pressure (PTP). This measure reflects the minimum lung pressure that is required to initiate and sustain phonation. 13 Phonation threshold pressure has been used previously in laryngeal dehydration studies of reduced water intake, 14, 15 diuretics, 16 dialysis, 17 mouth breathing, 1, 18 desiccated air, 2, 6, 7 and accelerated breathing. 3 PTP is used extensively in voice research, 19 but PTP data analysis is challenging. Investigators may be vulnerable to biases that can result from knowledge of experimental group, conditions, or directions of predicted change. 2, 20 Blinding, or the purposeful withholding of information from individuals who play a role in a study, is a research strategy endorsed as a method to reduce bias during data analysis. 21 Several researchers have used investigator blinding in PTP studies; 6, 16 however, blinding in PTP analysis is not a universal hallmark of research studies. 22 To the best of our knowledge, no studies have been published that report whether differences in PTP measurements occur as a result of investigator blinding. This is an important issue because knowledge of experimental conditions could affect investigator decisions during data analysis and lead to potentially biased conclusions regarding treatment effects. Consequently, we further sought to investigate the extent of analysis reliability between a trained unblinded and a trained blinded investigator. PTP data needed to be highly reliable between the unblinded and blinded investigator to examine whether humidification treatment could reverse the adverse voice effects induced by a laryngeal dehydration challenge.
Methods

Subjects
Forty healthy, nonsmoking adults participated in this investigation following procedures approved by the Purdue University Institutional Review Board. Participants denied a history of laryngeal, respiratory disease, or hearing problems. All subjects presented with perceptually normal speech and voice, normal laryngeal appearance (9100 Videostroboscope, Pentax Medical, Montvale, New Jersey, USA), and normal respiratory function (Discovery Spirometer, Futuremed America, Inc, Granada Hills, California, USA). At the time of the study, subjects were free of any respiratory illness and nasal congestion and were not taking any over-the-counter or prescription medications except oral contraceptives. Subjects were assigned to a vocal fatigue or control group 1 based on responses to a voice history questionnaire (Table 1) . Vocal fatigue was defined as tiring of the voice after prolonged vocal activity. The questionnaire asked if subjects experienced vocal fatigue, and the duration, and chronicity of vocal fatigue.
The vocal fatigue group included 20 subjects (mean age = 21 years, equal numbers of males and females). All subjects reported vocal fatigue following loud or heavy voice use at least 1 time per month for 1 or more years, but were asymptomatic at the time of testing. The control group included 20 subjects (mean age = 24 years, equal numbers of males and females). All control subjects denied experiencing vocal fatigue following prolonged vocal activity. See Table 2 for a detailed description of subject characteristics.
Design
Participation in the study involved a single experimental session. All subjects were asked to maintain habitual eating and drinking habits on the day of participation to simulate their daily hydration levels. 15, 16 The humidity was controlled at 2 levels (low humidity and moderate-high humidity) with commercially available dehumidifiers and humidifiers and monitored continuously throughout the session (Traceable Memory Hygrometer, VWR, Radnor, Pennsylvania, USA). During the session, each subject first completed a dehydration challenge that included 2-hours of mouth breathing in low humidity (16-27%). To ensure compulsory mouth breathing, the nostrils were occluded with foam plugs secured with medical tape. Next, subjects were provided a 5-minute break in ambient humidity. After the break, subjects completed 2 hours of mouth breathing in moderate-high humidity (62-80%). Subjects were instructed to refrain from eating, drinking, and speaking for the duration of the study session; however, limited speaking was permitted during the 5-minute break. The dehumidifiers and humidifiers used to control ambient humidity were turned off during data collection because of the increased noise level in the laboratory. Voice changes were assessed at 4 time points (baseline, post-dehydration, post-break, post-humidification) using PTP as described below.
Data Collection
PTP varies with vocal fundamental frequency. 15, 23 Consequently, at the start of the session, each subjects' maximum vocal frequency range was determined. 24 A laryngeal microphone was placed around the subject's neck on either side of the thyroid notch. Subjects were instructed to glide on the /ee/ sound to their highest and lowest frequencies using a soft voice. The highest and lowest frequencies were recorded in Hertz and converted to semitones on a keyboard. The 10th and 80th percentile pitches were calculated from the semitone range. The 10th (PTP 10 ) and 80th (PTP 80 ) percentile pitches are commonly used in dehydration studies as they appear most sensitive to the hydration state of the vocal folds. 14, 20 Data collection instruments were calibrated at the start of each session (MCU-4 Calibration System, Glottal Enterprises, Syracuse, New York, USA). The primary instrumentation included a circumferentially vented pneumotachograph face mask fitted with PTL-1 and PTW-1 differential pressure transducers for the collection of oral pressure and oral flow respectively (Glottal Enterprises). Prior to collection of baseline measures, subjects were trained to perform the PTP task at each pitch. 25, 26 During training, the investigator firmly held the mask around the subject's mouth and nose. Individuals were cued to the pitch and then asked to repeat the /pee/ syllable about 7 times on a single breath, as softly and smoothly as possible, at a rate of 1.5 syllables/second. The production of 7 /pee/ syllables at minimal vocal loudness constituted 1 syllable string. Subjects practiced until they were deemed trained. Trained was defined as the consistent soft production of syllable strings of equal peak height with oral flows reaching 0 ml/s during the /p/ production. Upon the completion of training, a minimum of 5 syllable strings were collected at PTP 10 and the PTP 80 . PTP 10 and PTP 80 were each collected at baseline, post-dehydration, post-break, and post-humidification. PTP 10 and PTP 80 syllable strings not meeting the "trained" criteria during data collection were marked and excluded from data analysis.
Data Analysis
Two investigators (E.E.L. and A.S.) who were trained in PTP methodology analyzed the data from all subjects. One investigator (A.S.) was blinded to which PTP data corresponded to the subject group and time points (baseline, post-dehydration, post-break, and post-humidification), while the other investigator (E.E.L.) was unblinded to the identity of the subject groups and time points. During analysis, each investigator manually selected 3 middle /p/ peaks from each /pee/ syllable string. The peak pressures were averaged across 3 to 5 strings at both 10th and 80th percentile pitches for estimating PTP 10 and PTP 80 . This protocol was used at the 4 time points.
Statistical Analysis
SPSS software (Version 19, IBM, Armonk, New York, USA) was used for the analysis. Interrater reliability between the blinded and unblinded investigator was first assessed using a 2-way mixed, absolute, single-measures intraclass correlation coefficient (ICC). Separate ICCs were performed for PTP 10 and PTP 80 . Measurements of PTP were highly correlated between the blinded and unblinded investigator (see the results section). Therefore measurements of PTP were averaged across the investigators to determine the effectiveness of humidification for reducing the negative voice effects induced by superficial vocal fold dehydration. PTP data were then subjected to Kolmogorov-Smirnov normality tests. Data for PTP 80 were not normally distributed; therefore, these data were log transformed prior to conducting further statistical analyses. A mixed, repeated measures ANOVA was performed with group (vocal fatigue, control) as the between factor and time (baseline, post-dehydration, post-break, post-humidification) as the within factor. Separate ANOVAs were performed for PTP 10 and PTP 80 . Paired t tests were used for post hoc analyses. The alpha level was Bonferroni corrected to .025 to account for the multiple analyses.
Results
Values for ICC were in the excellent range for PTP 10 (ICC = .97) and PTP 80 (ICC = .99), indicating that PTP was measured similarly across the blinded and unblinded investigator. The high ICC suggests that a minimal amount of measurement error was introduced by the independent, trained investigators during data analysis, and therefore statistical power for subsequent analyses is not substantially reduced. Phonation threshold pressure measures were therefore deemed to be suitable to examine whether humidification treatment could reduce the adverse voice effects induced by a laryngeal dehydration challenge. We also questioned whether there would be differential effects of dehydration and humidification in a group who reported vocal fatigue as compared to a control group.
Phonation threshold pressure means and standard deviations are listed in Table 3 . A significant main effect for time was observed for both PTP 10 , F(3, 114) = 1.92, P = .003 ( Figure 1A) , and PTP 80 , F(3, 114) = 7.30, P < .001 ( Figure 1B) . Post hoc testing revealed that PTP 10 significantly increased following the dehydration challenge by an average of 0.43 cm H 2 O (P < .001). PTP 10 remained significantly greater than baseline after the 5-minute break (P = .018). PTP 10 decreased following humidification, and was similar to baseline values (P = .263); PTP 80 also significantly increased following the dehydration challenge by an average of 0.56 cm H 2 O (P = .002). Post-break, PTP 80 was not significantly different from baseline (P = .144). Following humidification, PTP 80 values reverted toward baseline. Specifically, PTP 80 post-humidification was significantly lower than PTP 80 at both post-dehydration (P < .001) and post-break (P = .001) and similar to baseline (P = .327). Laryngeal dehydration and humidification had similar effects on vocal fatigue and control groups at PTP 10 
Discussion
Dehydration of the laryngeal surface is detrimental to voice production. 1, 2 This documented finding necessitates an understanding of how the adverse voice effects associated with dehydration may be reversed. To date, there have been limited investigations that explore the effectiveness of methods to reverse the negative vocal effects of dehydration challenges. There is evidence that rehydration of superficially dehydrated excised canine larynges by immersion in saline restores phonatory function as measured by PTP. 5 However, to date, in investigations utilizing human subjects, results have been more variable. In vocally untrained females, nebulized lubricant treatments did not improve PTP or self-perceived vocal effort following superficial vocal fold drying. 2 However, when participating in a similar study design, trained female singers did report improvements in self-perceived vocal effort following nebulized treatments. 6 Nebulized treatments reduced superficial dehydration-induced increases in PTP in patients with Sjögren's syndrome; however, these improvements were not significant. 7 Humidification is a superficial hydration technique frequently recommended to patients by voice professionals. 2 Humidification alone 1 or in combination with other hydration treatments 15 lowers PTP. However, the utility of this simple method to reduce dehydration-induced vocal decrement has not been systematically investigated in human subjects. The current study demonstrates that PTP 10 and PTP 80 significantly increase following a vocal fold dehydration challenge and that these increases begin reverting toward baseline with humidification. Reductions toward baseline were significant only for PTP 80 . This is not surprising as past research suggests that PTP produced at high pitches may be most useful for detecting biomechanical changes to the vocal folds as a result of hydration interventions. 16, 27 The beneficial effect of increased humidification in countering the PTP increase was observed in subjects with a history of vocal fatigue and controls, providing preliminary evidence that humidification may be a useful approach to reverse the detrimental effects of superficial laryngeal dehydration in different subject populations.
To induce superficial vocal fold dehydration, subjects were required to mouth breathe in low humidity. The effects of mouth breathing in low humidity on PTP have been investigated previously. However, these investigations have typically used short mouth breathing durations. Fifteen minutes of inhaling through the mouth, in low humidity or desiccated air increased PTP by 0.50 cm H 2 O on average. 1, 2 In this study, 2 hours of mouth breathing in low humidity increased PTP 10 by 0.43 cm H 2 O and PTP 80 by 0.56 cm H 2 O. These magnitudes of PTP increases are similar to those observed with shorter challenges and support a hypothesis that during longer dehydration challenges, speakers may begin to compensate for the effects of superficial vocal fold dehydration. Although the current study cannot elucidate the exact nature of compensation, possible mechanisms may include increasing hydration to the vocal folds through systemic mechanisms such as increased laryngeal blood flow or local thermal changes. The water content in the exhaled airstream may also provide the means to rehydrate the vocal folds following superficial dehydration. In the current investigation, we exposed subjects to 2 hours of humidification to match the duration of the dehydration challenge. However, it is possible that much shorter duration of humidification treatment could reverse the negative voice effects of superficial vocal fold drying. Fifteen minutes of humidification alone lowers PTP. 1 Consequently, it would be beneficial for future investigations to investigate the utility of shorter humidification intervals in reducing dehydration-induced vocal decrement.
The effectiveness of humidification in reducing the negative voice effects of superficial vocal fold drying were examined in subjects with a history of vocal fatigue and controls. Vocal fatigue is a common clinical condition that is thought to be associated with the development of voice problems. 9 Previously, it had been shown that mouth breathing in low humidity for 15 minutes increases PTP to a greater extent in females who report vocal fatigue as compared to controls. 1 Inspection of mean data reveals that the increase in PTP following 2 hours of mouth breathing at low humidity is greater in subjects that report vocal fatigue as compared to controls, but this was not a significant change. We can speculate on some reasons for these differences. Subjects were recruited into the vocal fold fatigue group through a questionnaire and brief interview as described previously. 1 However, previous studies have recruited subjects with a 2-year history of vocal fatigue, while the current study utilized 1 year as an inclusionary criterion. In addition, the current study included both female and male participants, while past studies have solely investigated females. 1, 10 The effects of vocal fatigue history and sex on dehydration-induced changes in PTP await detailed investigation. Overall, our findings support the effectiveness of increased environmental humidification to reverse the detrimental voice effects of a dehydration challenge in both groups of subjects.
In the current study, we specifically sought to investigate whether humidification would restore dehydration-induced increases in PTP to pre-dehydration levels. This study design necessitated that participants were exposed first to a dehydration challenge and then humidification. As discussed, PTP 10 and PTP 80 significantly increased following a vocal fold dehydration challenge. Increases in PTP 80 then reverted toward baseline with increased environmental humidification. However, we recognize that PTP 80 also began to decrease toward baseline following the 5-minute break. It is therefore difficult to determine whether the PTP decreases observed following humidification are a function of the environment as opposed to time-elapsed postdehydration challenge or to voice rest. Consequently, future studies should include controls for time, voice rest, and training. Despite the reduction in PTP 80 following the break, it was not until humidification treatment that PTP 80 decreased to values lower than post-dehydration. To further test the utility of this preliminary finding, further studies should also include a no-treatment control. Overall, the current results provide justification for future studies that seek to systematically investigate the effectiveness of humidification as a technique to treat or prevent the adverse voice effects of superficial vocal fold drying. Comparing the effectiveness of different types of humidification methods such as increasing ambient humidity or spraying topical treatments is also an important future clinical goal.
Analysis of PTP data by blinded and unblinded investigators was a critical component of this study. Blinding is a widely used approach to reduce research bias. Research biases may result from an investigator's awareness of experimental groups, challenges, or treatments. A double-blind research protocol, where both subjects and investigators are blinded, is ideal and has been used in studies investigating the effectiveness of hydration treatments. 2, 6, 7 However, complete blinding of investigators may sometimes be difficult due to facility and personnel limitations. Investigators analyzing data, on the other hand, can most always be blinded. During PTP data analysis, researchers make semisubjective decision regarding issues such as the selection of oral pressure peaks for analysis. Such decisions should ideally be made without knowledge of experimental group or condition. However, such blinding in PTP studies occurs rarely, or researchers fail to report that they did so. 22 Furthermore, we do not know the impact of investigator blinding on PTP data analysis.
Consequently, in the current study, we also sought to investigate role of blinding in PTP data analysis. We report using an ICC that PTP ratings were highly correlated between a blinded and unblinded investigator. This may be suggestive of the robustness of the current data and provide further preliminary support that humidification may be useful for reducing the detrimental voice effects of a superficial laryngeal dehydration challenge. However, our findings do not negate the need for investigator blinding during PTP data analysis and instead argue for its inclusion in all PTP studies. PTP data collection is subject to many of the same biases as outlined for data analysis. Therefore, blinding during data collection should be employed when possible. The absence of blinding during both data collection and analysis may lead to exaggerated treatment effects. 21 Consequently, blinding should be a necessary component of all studies that use PTP, particularly those that seek to analyze the effect of treatments, such as humidification, in reducing the adverse effects of superficial vocal fold dehydration. The use of blinding during PTP collection and analysis should further extend into the clinic where voice therapists routinely use this measure to examine the effectiveness of surgical, medical, and behavioral treatments in treating a wide range of vocal fold pathologies. We would further benefit from future studies that seek to systematically investigate a variety of blinding paradigms and how those paradigms impact PTP data collection and analysis in both research and clinical work.
Conclusions
This study sought to quantify the effectiveness of humidification in reducing dehydration induced-voice decrement in individuals with a history of vocal fatigue and controls. In both participant groups, PTP significantly increased at low and high pitches following 2-hours of mouth breathing in low humidity. The increases in PTP at high pitch reverted toward baseline following exposure to a humidified environment. There are some limitations of the current study that should be addressed. Although the temperature of the laboratory was not recorded, subjectively, ambient temperature increased during experimental sessions. It has been suggested that environmental temperature may influence vocal function. 11 Twenty minutes of mouth breathing in hot, dry air does not increase PTP in vocally healthy participants. However, the effect of temperature on PTP during longer durations of mouth breathing has yet to be investigated and should be considered in the future. In the current study, we purposefully chose to limit voice use during the experimental session to focus on the effect of a laryngeal dehydration challenge and humidification on PTP. However, additional studies should combine manipulations of environmental humidity with intervals of voice use to investigate more naturalistic conditions. Participants were asked to refrain from eating and drinking throughout the duration of the experimental session. Consequently, it cannot be ascertained that systemic dehydration did not contribute to the voice changes observed in this investigation. Previous studies have used drug treatments, such as diuretics, to investigate the effect of systemic dehydration on PTP. 16 However, to the best of our knowledge, the effect of a short, 4-hour period without food and liquid on PTP has yet to be investigated. In studies seeking to investigate the effect of systemic dehydration on other voice parameters, subjects were asked to refrain from food and liquid consumption for at least 12 hours to induce a systemically dehydrated body state. 28, 29 It would be beneficial for future investigations of this type to include measurements of total body mass to better define the influence of systemic dehydration/hydration on PTP. Finally, in the current experimental paradigm, we cannot ascertain whether superficial laryngeal dehydration was induced. However, the increase in PTP observed here is consistent with changes to biomechanical properties of vocal fold tissue. To the best of our knowledge, this is the first study to demonstrate the potential usefulness of environmental humidification to reverse the detrimental voice effects of dehydration in subjects successively exposed to a dehydration challenge and humidification. These preliminary findings pave the way for future treatment studies that seek to systematically investigate humidification as an intervention for laryngeal drying.
